We measured gastric slow wave activity simultaneously with a Superconducting Quantum Interference Device (SQUID) magnetometer, mucosal electrodes, and cutaneous electrodes in 18 normal human subjects (11 women and 7 men). We processed signals with Fourier spectral analysis and SOBI blind-source separation techniques. We observed a high waveform correlation between mucosal electromyogram (EMG) and multichannel SQUID magnetogastrogram (MGG). There was a lower waveform correlation between mucosal EMG and cutaneous electrogastrogram (EGG), but the correlation improved with application of SOBI. There was also a high correlation between the frequency of the electrical activity recorded in MGG and in mucosal electrodes (r =0.97). We concluded that SQUID magnetometers noninvasively record gastric slow wave activity that is highly correlated with the activity recorded by invasive mucosal electrodes.
Introduction
The gastric slow wave is the electrical activity in the stomach that controls the mixing and propagation associated with normal digestion. Pathological conditions that interrupt these biophysical processes also affect the gastric electrical activity. For this reason, noninvasive methods for assessing gastric slow wave activity have garnered interest in recent years (Bradshaw et al., 2005; Mintchev et al., 1993; Mintchev and Bowes, 1996; Kim et al., 2009; Bradshaw et al., 2006; Bradshaw et al., 2007) .
The electrogastrogram (EGG) records the cutaneous potentials associated with internal gastric slow waves, but these potentials do not directly reflect the underlying slow wave because of distortion and attenuation from alternating low-and high-conductivity layers in the abdominal volume conductor (Mintchev et al., 1993; Bradshaw et al., 2001 ). The 2007; Bradshaw et al., 2009) . To date, however, no studies have examined the direct relationship between internal slow wave activity and the noninvasive MGG in humans.
The purpose of this study is to evaluate whether the multichannel MGG and the cutaneous EGG reflect underlying slow wave activity in normal human subjects.
Procedure

Materials and Methods
For this study, we recorded the mucosal electromyogram (EMG) using mucosal suction electrodes, a modification of the electrodes of Monges and Salducci (Monges et al., 1970) . It consists of a custom-fabricated eight channel mucosal electrode array integrated in a 4.5-mm diameter naso-gastric (NG) catheter (Dentsleeve International, USA). Electrodes were platinum rings installed concentric on the catheter, as illustrated in Figure 1 . The 4-mm long electrodes are spaced every 1.5 cm along the NG catheter. The cutaneous electrodes (sixteen bipolar pairs) that we used were standard Beckman silver-silver chloride sintered biopotential electrodes with a cup size of 17 mm, filled with electro-crème. Electrode signals were amplified using the Biosemi system (Biosemi, Amsterdam, The Netherlands ).
The Tristan Model 637 Superconducting Quantum Interference Device (SQUID) magnetometer was used to record the multichannel MGG. The SQUID has 19 normalcomponent sensors in a hexagonal close-packed array that measure magnetic fields perpendicular to the body surface when a subject lies underneath the device. Ten additional sensors measure tangential components of the magnetic field at locations at the top, bottom, sides and in the middle of the normal-component sensor array. The SQUIDs convert magnetic flux into voltage signals, which are then amplified (Model 5000, Quantum Design), digitized, and stored on a PC. SQUID and electrode signals were time-synced during collection.
Eighteen normal human volunteers (11 women and 7 men) reported to the Vanderbilt General Clinical Resource Center (GCRC) after an overnight fast. None of the volunteers had prior history of gastrointestinal disease or surgery and none was on medications known to alter gastrointestinal motor or electrical activity. A pregnancy test was performed in women of childbearing potential prior to enrollment. All studies were reviewed and approved by Vanderbilt's Committee for the Protection of Human Subjects. We placed the naso-gastric mucosal EMG tube (NG tube) in the pyloro-antral region along the greater curvature of the stomach. We then verified the appropriate placement of the NG tube electrode in the gastric antrum by X-ray, as seen in figure 1. The cutaneous EGG electrode platform consisted of four rows of four bipolar electrode pairs. We positioned the cutaneous electrodes on the abdomen above the stomach along the longitudinal axis. Volunteers were then placed underneath the SQUID magnetometer in a magnetically shielded room. The subject's abdomen was positioned such that the highest point of the abdomen while supine was in close approximation with the bottom of the SQUID dewar but not touching it, as the subject inspired completely. Simultaneous mucosal EMG, EGG, and MGG data were recorded during fasting for a period of thirty minutes. The volunteers then ate a standardized 300 kcal turkey sandwich meal with a clear liquid (water). Subsequent to the meals, we recorded the postprandial signal for a period of one hour. At several times during data collection, the subjects were asked to suspend respiration to allow the comparison of noise reduction techniques.
Data acquisition
Electrode signals (EGG and EMG) were acquired at 256 Hz with the electrode amplifier and resampled to 30 Hz. SQUID signals were passed into a preamplifier stage (Model 5000, Quantum Design, San Diego) with a gain of 5 and a low-pass filter set to 1 kHz. Data was acquired at 3 kHz and subsequently down-sampled to 30 Hz.
Signal processing
To investigate whether the multichannel MGG reflects underlying slow wave activity in normal human subjects, all simultaneously recorded mucosal, cutaneous and SQUID signals were subjected to spectral analysis. Recorded signals were loaded into MATLAB (Mathworks, Natick, MA, USA) and filtered using a second-order Butterworth filter with a bandpass of 1-60 cycles per minute (cpm). All frequency spectra were computed with fast Fourier transform (FFT). For the present study, we first investigated the waveform and frequency correlation of our filtered postprandial EMG signals with its corresponding MGG and EGG filtered signals. Apart from the filtering, we also applied the Second-Order Blind Identification (SOBI) signal processing algorithm to reduce the interfering noise signals. A detailed description of SOBI and its mathematical formulations are available elsewhere (Belouchrani et al., 1997; Erickson et al., 2008; Erickson et al., 2009 ). Furthermore, we investigated the correlation of filtered postprandial EMG signals with corresponding MGG and EGG components isolated with SOBI.
Results
Recordings of simultaneous postprandial signals from gastric mucosal EMG, multichannel SQUID MGG and the cutaneous EGG were made in eighteen normal human volunteers. Because of the difficulty in achieving contact between the mucosal EMG electrodes and the gastric mucosa, we were able to record mucosal EMG consistently in only ten subjects. In one of the ten subjects, a steady noise artifact in the MGG prevented recording of the gastric slow wave. These exclusions left nine subjects (5 women and 4 men) with simultaneously recorded postprandial gastric EMG, EGG and MGG data for our analysis. A typical set of postprandial data obtained from one of the studies is shown in Fig. 2 . Butterworth-filtered signals with their corresponding FFTs are shown in Figures 2(a-c) . EGG and MGG components isolated with SOBI and their corresponding frequency spectra were illustrated in Figure 2(d-e) . The regular gastric slow wave activity with a frequency of approximately three cycles per minute is clearly evident in all modalities.
To evaluate whether multichannel MGG reflects underlying slow wave activity in normal human subjects, we investigated the waveform and frequency correlation of our postprandial EMG signals with the corresponding MGG, EGG, SOBI-MGG and SOBI-EGG signals. In our notation, MGG or EGG refers to magnetogastrogram or electrogastrogram signals with the Butterworth digital filter applied while SOBI-MGG and SOBI-EGG refers to the same signals processed using the SOBI algorithm to identify gastric signal components. SOBI components were classified as gastric if they were primarily sinusoidal with a dominant frequency in the gastric range (2.5-4 cpm; Erickson et al., 2008; Erickson et al., 2009 ).
We determined the regression correlation coefficient between gastric slow wave frequencies recorded by mucosal electrodes to MGG, EGG, SOBI-MGG and SOBI-EGG. We also computed the cross-correlation of the EMG signal with the simultaneous MGG, EGG, SOBI-MGG, or SOBI-EGG waveforms. We used 120 second-long data segments for the cross-correlation calculation of EMG signal and its simultaneous MGG waveforms. We started by analyzing the data in order to find a primarily sinusoidal EMG signal. For each subject, we calculate the maximum cross-correlation coefficient between EMG and MGG signal that lie within the gastric frequency range. The mean value of the maximum correlation coefficient and its standard error are calculated across all nine subjects. A similar procedure was used for computing the maximum cross-correlation coefficient of EMG signal with its simultaneous EGG, SOBI-MGG and SOBI-EGG counterparts. Figure 3 shows the waveforms of the best-correlated EMG signal with corresponding MGG, EGG, SOBI-MGG and SOBI-EGG signals in a typical study. Magnetic fields exhibit the same oscillatory patterns as the mucosal electrodes, but similar oscillatory activity is typically more difficult to identify in EGG data.
The frequency of the gastric slow wave activity recorded from SQUID and cutaneous electrodes closely matched those obtained in mucosal electrodes. The average gastric slow wave frequency over nine experiments was 2.97 ± 0.08 cpm (mean ± SE) in EMG, 2.94 ± 0.1 in EGG, 3.0 ± 0.1 in MGG, 2.97 ± 0.09 in SOBI-EGG and 2.97 ± 0.1 in SOBI-MGG, with no significant frequency difference detected in any modality. Figures 4 (a-d) show the peak frequencies indicated by FFT analysis of 2-min samples of mucosal electrode data against those determined by MGG, EGG, SOBI-MGG and SOBI-EGG. We found stronger correlation between mucosal electrode peak frequencies and SQUID (r = 0.97 for EMG/ MGG, r = 0.99 for EMG/SOBI-MGG) than the correlation between mucosal and cutaneous electrode frequencies (r = 0.93 for EMG/EGG, r = 0.95 for EMG/SOBI-EGG).
Over all nine experiments, the waveform correlations, i.e., the mean value of the maximum cross-correlation coefficient between EMG/MGG waveform was 0.68 ± 0.04 (mean ± standard error of the mean, SEM), while that for EMG/EGG was 0.55 ± 0.02, EMG/SOBI-MGG was 0.69 ± 0.03 and EMG/SOBI-EGG was 0.6 ± 0.04, as illustrated in figure 5 . The correlation coefficient for MGG with mucosal EMG was higher than that for EGG with mucosal EMG (p < 0.05, unpaired Student's t test). However, there was no significant difference between SOBI-EGG and SOBI-MGG correlation with mucosal EMG (p = 0.1, unpaired Student's t test). Table I summarizes the results of waveform correlation study in nine subjects.
Discussion and conclusion
We evaluated signals recorded from the multichannel MGG simultaneous with mucosal (EMG) and cutaneous (EGG) potential measurements in normal human subjects during the postprandial period. We limited our analysis to recording situations where the mucosal EMG could be clearly identified. In our experience, better contact is achieved between EMG electrodes and the gastric mucosa when the stomach is initially emptied by suction, after which both pre-and postprandial mucosal signals can be recorded reliably. Waveform correlations were sufficiently high to suggest that both cutaneous EGG and transabdominal MGG record essentially the same electrical activity as mucosal EMG, although waveform correlations were lower for EGG than for MGG when analysis was restricted to filtering alone. Application of SOBI algorithm improved the EGG waveform correlation. Our analysis in this work does not address potential spatiotemporal advantages of MGG suggested by previous work (Bradshaw et al 2001; Bradshaw et al 2006) .
A recent study by Bayguinov et al (2011) suggests that electrophysiological recordings are easily contaminated by motion artifact. Although compelling counterarguments have appeared (O'Grady 2012), Bayguinov and colleagues call into question whether extracellular electrodes might record only muscular contraction and not electrical activity. While the debate continues, the strong correlation we observed suggests that MGG and EGG record essentially the same underlying activity as mucosal EMG, whether electrical or mechanical in nature. We hope to address these questions with future work.
Our data show that slow wave frequencies recorded by both MGG and EGG are strongly correlated with those determined from mucosal electrodes. Further, the cross-correlation of actual waveforms shows a substantial correlation, suggesting that specific waveform features captured by mucosal EMG are present in both EGG and MGG. It is interesting to note that without applying SOBI analysis, waveform correlations are actually higher for magnetic fields than for cutaneous potential, contrary to what one might expect if mechanical activity is a main contributor to the extracellular fields and potentials. While high correlations in both EGG and MGG with mucosal EMG could be explained easily if all three modalities were recording primarily mechanical activity, it is more difficult to explain why magnetic fields recorded without making contact with the body habitus would show stronger waveform correlation unless the primary contributor to the MGG is underlying electrical rather than mechanical activity. Nonetheless, these data by no means settle the question and future studies are required.
Previous work by Hamilton et al reported a similarity in the waveform and frequency of EGG signals to those recorded directly from human stomach mucosa with mucosal suction electrodes (Hamilton et al., 1986) . However, no studies have examined the direct relationship between internal slow wave activity and the noninvasive MGG in humans. We believe this to be the first study on the correlation and comparison of invasive mucosal recordings to noninvasive multichannel SQUID recordings/cutaneous recordings. Our future studies will examine differences in spatiotemporal signal features relating to slow wave propagation reflected in EGG and MGG compared with mucosal EMG signals.
In conclusion, the magnetogastrogram in normal human volunteers is highly correlated with potentials recorded by invasive mucosal electrodes and offers information superior to cutaneous EGG when using standard filtering techniques. The MGG provides a noninvasive, noncontact method of assessment for the gastric slow wave. Waveform characteristics of the signal best correlated with the mucosal EMG signal for MGG, EGG, SOBI-MGG and SOBI-EGG components. The values quoted in the first nine rows are the maximum waveform correlation for individual experiments. The bottom row is the mean ± SE across all nine subjects.
